Previous work has shown that inspiratory muscle training (IMT) lowers blood pressure after a mere 6 weeks, identifying IMT as a potential therapeutic intervention to prevent or treat hypertension. Here, we explore the effects of IMT on respiratory muscle strength and select cardiovascular parameters in recreationally active men and women. Subjects were randomly assigned to IMT (n = 12, 75% maximal inspiratory pressure) or sham training (n = 13, 15% maximal inspiratory pressure) groups and underwent a 6-week intervention comprising 30 breaths day −1 , 5 days week −1 . Pre-and post-training measures included maximal inspiratory pressure and resting measures of blood pressure, cardiac output, heart rate, spontaneous cardiac baroreflex sensitivity and systemic vascular resistance. We evaluated psychological and sleep status via administration of the Cohen-Hoberman inventory of physical symptoms and the Epworth sleepiness scale.
New Findings

• What is the central question of this study?
What impact does inspiratory muscle training have on systemic vascular resistance, cardiac output and baroreflex sensitivity in adult men and women?
• What is the main finding and its importance?
Inspiratory muscle training exerts favorable effects on blood pressure, vascular resistance and perception of stress. This exercise format is well-tolerated and equally effective whether implemented in men or women.
45 breaths min −1 (Harms et al., 1998) . Third, the inspiratory pressures generated by a healthy adult performing IMT typically range between −50 and −70 mmHg (Inbar, Weiner, Azgad, Rotstein, & Weinstein, 2000; Romer, McConnell, & Jones, 2002; Vranish, & Bailey, 2015) and therefore easily exceed the inspiratory pressures generated in tidal breathing (approximately −2.5 mmHg; Walls, Laine, Kidder, & Bailey, 2013) , deep or yogic breathing (approximately −5 mmHg; Landman et al., 2014; Vranish, & Bailey, 2015) and high-intensity aerobic exercise (95% maximal oxygen uptake, approximately −22 mmHg; Harms et al., 1998; Johnson, Aaron, Babcock, & Dempsey, 1996) .
Given the large inspiratory pressures generated during the IMT regimen, we assessed the benefits and risks accompanying 6 weeks of IMT in men and women. First, we asked whether IMT confers any improvements in stress and/or sleep quality as has been reported previously following traditional exercise (Flausino, Da Silva Prado, de Queiroz, Tufik, & de Mello, 2012; Kredlow, Capozzoli, Hearon, Calkins, & Otto, 2015; Youngstedt, 2005) . Second, in view of the comparatively rapid time course of the IMT-related improvements in systolic and diastolic blood pressures, we used non-invasive techniques to probe the effects of 6 weeks of IMT on cardiac output (Q), spontaneous cardiac baroreflex sensitivity (BRS) and systemic vascular resistance (SVR) and to test our working hypothesis that IMT exerts its effect at one or more of these location(s).
METHODS
Ethical approval
Twenty-five healthy adults (12 women and 13 men; Table 1 ) were recruited from the student population at The University of Arizona to participate in a 6-week inspiratory muscle training protocol. Subjects were non-smokers, without a history of hypertension, respiratory, neuromuscular or cardiovascular disease, and with a forced expiratory volume in 1.0 s (FEV 1.0 ) to forced vital capacity (FVC) ratio >80% predicted. All subjects were categorized as active young adults by self-report (exercised three to five times weekly, ∼1 h per session) and were asked to maintain the same exercise regimen throughout the training study. Studies conformed to the standards set by the 2013 Declaration of Helsinki (study was not registered in a database), and experimental procedures were approved by the Human Subjects Protection Program at The University of Arizona (protocol #1503762316). Subjects gave their written informed consent before participation.
General procedures
Non-invasive measures of resting blood pressure, spirometry, cardiac output and spontaneous cardiac baroreflex sensitivity were obtained at study intake and 24-48 h after the final training session. Subjects refrained from caffeine and alcohol for 12 h and were instructed not to eat for at least 4 h before laboratory visits. Additional assessments of blood pressure and questionnaires regarding physical symptoms and sleep were completed at the beginning of each week, before that day's training. Each female participant self-reported menstrual cycle day, and this information was used to determine follicular (days 1-14) or luteal (days 15-28) phases (see Table 2 ). American Thoracic Society guidelines (Miller et al., 2005) . Forced vital capacity manoeuvres with FEV 1.0 /FVC of ≥80% of predicted were considered acceptable for inclusion in the study. To determine maximal inspiratory pressure (PI max ), subjects generated a maximal inspiration from residual lung volume and against a constant resistance, with inspiratory pressure measured at the mouth (Omegadyne Inc., Sunbury, OH, USA). The average of the three trials defined the individual's PI max .
Respiratory function tests
Blood pressure
The SBP and DBP were determined via sphygmomanometer and stethoscope at the brachial artery and performed in accordance with American Heart Association guidelines (Pickering et al., 2005) . Before measurement, subjects sat quietly, with the back and arms supported, for 5 min. Three measurements were taken on alternate arms and averaged to obtain the individual's SBP and DBP. Measurements were obtained at the same time and on the same day each week for 6 weeks.
Cardiac output
Cardiac output was estimated via the Collier method of carbon dioxide (CO 2 ) rebreathing (Bassett, & Fitton, 1995; Collier, 1956) , which requires equilibration of the partial pressure of alveolar CO 2 with mixed venous blood, and measurements of resting CO 2 production rate (V CO 2 ). The details of this method have been provided elsewhere (Bassett, & Fitton, 1995) . Subjects were randomly assigned to either the IMT or the sham training group. There were no significant between-group differences in average age, height, weight and body mass index. However, within-group differences for measures of height, weight and body mass index between male and female subjects were significant. *Significant within-group difference for male versus female subjects (P < 0.025). Bassett, & Fitton, 1995) .
TA B L E 2
After the rebreathing trials, cardiac output was estimated by dividing the basal CO 2 production rate (V CO 2 ) by the difference between the mixed venous and arterial blood contents (C vCO 2 and C aCO 2 , respectively) as shown in Equation 2.
Spontaneous cardiac baroreflex sensitivity (BRS)
We sampled lead II ECG continuously and recorded beat-to-beat changes in SBP via an automated finger cuff pressure transducer (ccNexfin; Bmeye, Amsterdam, The Netherlands) at 1 min intervals.
Data were recorded online using a Cambridge Electronic Design 1401 interface and Spike 2.0 software (Cambridge Electronic Design).
Moment-to-moment changes in the R-R interval (RRI) coincident with a fluctuation in systolic blood pressure were used to estimate cardiac BRS (Iellamo et al., 1996 (Iellamo et al., , 2001 Parati et al., 1988) . We used proprietary software to identify up and down sequences (CardioSeries v2.4, Brazil) , where an 'up sequence' comprises an increase in SBP followed by a lengthening of RRI, and a 'down sequence' comprises a decrease in SBP and shortening of RRI. Acceptable sequences included (at least three) cardiac cycles with beat-to-beat increases in systolic blood pressure (≥1 mmHg) and lengthening of the R-R interval (≥6 ms)
for each beat in the series or with beat-to-beat decreases in systolic blood pressure (≥1 mmHg) and shortening of the R-R interval (≥6 ms)
for each beat in the series (Parati et al., 1988; Shantsila et al., 2015) .
Consecutive R-R intervals were plotted against the systolic blood pressure (in millimetres of mercury) values in the preceding cycle to obtain regression lines and correlation values for each sequence.
Correlation coefficients ≥0.85 were averaged to obtain estimates of each subject's spontaneous cardiac baroreflex sensitivity (in milliseconds per millimetre of mercury; Parati et al., 1988) .
Systemic vascular resistance (SVR)
We determined .
Psychophysical indices
All participants completed the Epworth sleepiness scale and the Cohen-Hoberman inventory of physical symptoms.
Epworth sleepiness scale (ESS)
Subjects reported on their perception of the likelihood of falling asleep during daily activities (Johns, 1993) . Scores on eight questions (0-3 points) were tallied for a potential maximal score of 24. Normal ratings of daytime sleepiness scores are within the range of 0-10/24, mild sleepiness between 11 and 12/24 and moderate-to-severe sleepiness 13-24/24, and the test-retest reliability score for healthy adults is 0.82 (Johns, 1993 ).
Cohen-Hoberman inventory of physical symptoms (CHIPS)
CHIPS surveys were administered at the end of each training week to evaluate perceptions of 33 common physical symptoms, including headache, acne, stomachache, back pain and fatigue. Zero indicates that the symptom has not bothered the subject, and four indicates that the symptom has been extremely troubling. The highest score attainable is 132. Published data from college students indicate that the test has a high level of internal reliability (Cronbach's = 0.88; Cohen, & Hoberman, 1983) , with higher CHIPS scores reliably correlating (r = 0.44) with higher levels of perceived stress (Cohen, Kamarck, & Mermelstein, 1983 ).
Experimental protocol
After pre-assessment, subjects were randomized to IMT or sham training groups. Subjects were blinded to their assigned training group.
Both groups trained on the same device, i.e. a two-way non-rebreathing valve (2600 series; Hans Rudolph) fitted with a flow limitation end cap on the inhalation port and an attached mouthpiece. The flow limitation cap provided a constant, near-maximal inspiratory resistance, and restricted airflow to a pin-hole leak sufficient to permit detection of pressure at the mouth (Hanly et al., 2007) . A tube attached to the device was coupled to a pressure transducer (Omegadyne Inc.) to detect airway opening pressure. The pressure signal was sampled at 500 Hz, digitized, stored using a Cambridge Electronic Design 1401 interface and Spike2 software (Cambridge Electronic Design), and displayed on a computer monitor. The monitor displayed the individual's target training pressure and subjects were instructed to adjust their effort to achieve that target. Subjects were coached to maintain ∼12 breath cycles per minute and performed five sets of six breath cycles per day, with 2 min rests between sets.
Subjects completed supervised training at the same time each day. For each training breath, subjects first exhaled to residual lung volume and then inhaled against a constant resistance to a previously determined target pressure. Target pressures for the IMT group were set at 75% of the PI max and for the sham group at 15% of the PI max .
Subjects held the target pressure for 1-2 s and then exhaled to residual volume. Note that neither of the training groups encountered resistance on expiration. Given that IMT improves muscle strength, the subjects in the IMT group typically were able to generate larger PI max pressures after each training week. Therefore, the target training pressure (75% PI max ) for each subject in the IMT group was adjusted each week.
Data and statistical analysis
Between-group differences in cardiovascular and respiratory meas- scores and blood pressure.
RESULTS
Baseline measures and retention
The retention rate for the study was 96% (25 of 26 subjects). Twentysix subjects completed the pretraining assessment. We disqualified one subject because of non-compliance with the training protocol. At intake (Table 1) , there were no significant between-group differences in age, height, weight or body mass index (P > 0.05) however, as expected, male and female subjects differed in height, weight, and body mass index. Thus, men were in general taller (P < 0.001), and in the sham training group, heavier (P < 0.001) and had a higher average body mass index (P = 0.022) than their female counterparts. There were no differences in average weight or body mass index between men and women in the IMT group (P > 0.05).
Respiratory muscle strength
The PI max values were comparable for both groups (P = 0. F I G U R E 1 (a) Average maximal inspiratory pressure (PI max ) values for inspiratory muscle training (IMT) (black) and sham-trained (grey) subjects for each training week. The IMT subjects steadily increased weekly PI max , and by week 6, exhibited a 34% increase from week 1. Sham-trained subjects experienced a 10% increase in PI max from week 1 to week 6, but did not improve to the same degree as IMT individuals. (b) Net change in PI max from week 1 to week 6 for IMT (black) and sham-trained (grey) male and female subjects. Lines indicate mean and SD for each group. As shown, men and women made comparable gains in respiratory muscle strength over the course of training (P = 0.696). * Significant difference (P < 0.05) at week 6 relative to week 1. # Significant difference (P < 0.05) between IMT and sham-training groups.
117.7 ± 11.0 mmHg, P < 0.001) or ∼34% increase in maximal inspiratory pressure at week 6 (Figure 1a ). Note that respiratory muscle strength also improved pre-versus post-training for the sham group (84.5 ± 13.9 versus 93.0 ± 13.8 mmHg, P = 0.006), equivalent to a 10% increase in PI max . Although men attained higher average PI max values than women in the same group (P = 0.005), both men and women exhibited similar gains in respiratory muscle strength (P = 0.696; Figure 1b ).
Cardiovascular parameters
Pre-/post-training systolic and diastolic blood pressures for subjects in both groups are shown in Figure 2a . At training week 6, the average SBP for subjects performing IMT had dropped from 112.5 ± 10.4 to 108.3 ± 12.9 mmHg (P = 0.022) and DBP from 67.7 ± 8.5 to 63.8 ± 9.8 mmHg (P = 0.018), and these effects were not different for men and women (SBP P = 0.964, Figure 2b ; DBP P = 0.324, Figure 2c ). Averaged data for both groups for all other cardiovascular measures are presented in Table 3 . Higher average resting heart rates were recorded in women than in men (P = 0.002), and this difference was unchanged pre-versus post-training (P = 0.891). Cardiac output also differed for men versus women at intake (P < 0.001) but was unchanged pre-versus post-training (P = 0.700). Despite between-group differences in cardiac baroreflex sensitivity at intake Abbreviations: BRS, spontaneous cardiac baroreflex sensitivity; DBP, diastolic blood pressure; HR, heart rate;Q, cardiac output; SBP, systolic blood pressure; and SVR, systemic vascular resistance. * Significant within-group difference (P < 0.025), week 1 and week 6. † Significant within-group difference (P < 0.05), week 1 and week 6. ‡ Significant between-group difference (P < 0.05). Men and women had comparable BRS values at intake and study close (P = 0.776), and sex did not influence the net change in BRS for IMT and sham groups (P = 0.074). Systemic vascular resistance fell from 21.8 ± 4.5 to 18.3 ± 5.9 mmHg min l −1 for the IMT group (P = 0.008; Figure 3a ). There was no effect of sham training. There was no effect of sex on the net change in SVR (P = 0.354; Figure 3b ).
Psychophysical parameters
Average scores on the Epworth sleepiness scale (ESS) were comparable for both groups pre-versus post-training ( IMT 7.8 ± 3.6 7.2 ± 3.7 12.5 ± 8.5 7.2 ± 9.7* Sham 7.2 ± 3.9 6.3 ± 3.6 8.2 ± 10.2 4.3 ± 5.7
The ESS scores fell within the normal daytime sleepiness range (≤10) for healthy young adults. *Significant within-group difference (P < 0.05), week 1 versus week 6.
scores (P = 0.872). Although CHIPS scores in the IMT group were lower at week 6 than at week 1 (12.5 ± 8.5 versus 7.2 ± 9.7, P = 0.025), the correlation between an individual's CHIPS scores and their weekly systolic and diastolic blood pressures (r = −0.007 SBP and r = 0.216 DBP) could not account for the improvement. In addition, IMT males registered larger reductions in physical symptoms than IMT females (−9.2 ± 3.2 versus −1.5 ± 1.5, P = 0.0562).
DISCUSSION
Main findings
The goal of this work was to confirm previous results (Vranish, & Bailey, 2015) showing that a short-term inspiratory muscle training protocol is well-tolerated and reduces resting blood pressure in healthy young subjects. We also used non-invasive measures to identify putative mechanistic pathways that could be evaluated in future studies using more invasive methodology. Accordingly, we recruited recreationally active (23 of 25 subjects reported exercising three to five times weekly for ∼1 h per session) men and women from the student population and All listed studies conducted training regimen(s) in healthy young adults. Significant findings for each cardiovascular parameter are marked with an 'X' . Abbreviations: BP, blood pressure (systolic and diastolic); HR, heart rate;Q, cardiac output; and SVR, systemic vascular resistance. * Exercise interventions were implemented in previously sedentary young adults.
intervention, subjects in the IMT group made gains in inspiratory muscle strength (∼34%) and registered declines in average blood pressure (−4.3/−3.9 mmHg SBP/DBP) and SVR (−3.5 mmHg min l −1 )
relative to sham-trained adults of the same age and fitness. In addition, a majority of men in the IMT group reported fewer negative physical symptoms, consistent with reductions in stress .
Respiratory muscle strength with training
The maximal inspiratory pressures generated by our recreationally active adults in the IMT group were comparable to maximal inspiratory pressures reported for elite male and female divers (Ohya, Hagiwara, Chino, & Suzuki, 2016 . As expected (Chen, & Kuo, 1989; Sclauser Pessoa et al., 2014) , the inspiratory pressures generated by men exceeded those generated by women; however, both sexes made similar gains in respiratory muscle strength over the course of the study (Figure 1b ), in agreement with previous findings (Guenette et al., 2006) . Importantly, improved respiratory muscle strength is correlated with reductions in muscle (diaphragm) fatigability and dyspnoea in healthy adults (Enright, Unnithan, Heward, Withnall, & Davies, 2006; Illi, Held, Frank, & Spengler, 2012; Romer et al., 2002; Volianitis et al., 2001 ) and patient populations (Dall'Ago et al., 2006; Gross, Ladd, Riley, Macklem, & Grassino, 1980) . Thus, this form of respiratory preconditioning conceivably might facilitate progression to more traditional forms of aerobic exercise.
Cardiovascular indices and IMT
In this case, we recruited equal numbers of men and women to each collapsing data across both sexes (Gormley et al., 2008; Meredith et al., 1990; Rakobowchuk et al., 2008 ; Table 5 ). In this regard, the present study is among the first to provide detailed information on the effects of an exercise training intervention on male and female subjects.
There were no sex differences in resting blood pressure between IMT and sham-trained subjects (P = 0.545 SBP; P = 0.602 DBP). By week 6, men and women in the IMT group had lower resting blood pressure (−4.3/−3.9 mmHg SBP/DBP), and the reduction was not different for men and women (P = 0.964 SBP; P = 0.324 DBP). The ability to reduce blood pressure in a mere 6 weeks is noteworthy
given that similar outcomes with traditional forms of aerobic exercise typically require ∼6 months of training (Arbab-Zadeh et al., 2014; Cornelissen, & Smart, 2013; Iwasaki, Zhang, Zuckerman, & Levine, 2003; Kelley, & Sharpe Kelley, 2001 ; summarized in Table 5 ). Note that whereas some studies document improved blood pressure after 4 weeks of aerobic training (Jennings et al., 1986; Meredith et al., 1990 Meredith et al., , 1991 , those results were obtained in sedentary adults (i.e. defined as exercising one or less times per week; Table 5 ).
Resting heart rates for IMT and sham-trained subjects were not altered pre-to post-training. These results are in accord with some published findings for endurance and sprint training (Gormley et al., 2008; Rakobowchuk et al., 2008) but differ from others that report lowered heart rates after short-term aerobic exercise training (see Table 5 ; Jennings et al., 1986; Meredith et al., 1990 Meredith et al., , 1991 Vroman et al., 1988; Wijnen et al., 1994; Yamamoto et al., 2001) . Although there were differences in resting cardiac output between men and women (P < 0.001), there was no effect of training group (P = 0.722) or sex (P = 0.700) on this parameter from week 1 to week 6. The absence of any change in resting cardiac output is in accord with results for short-term interval and endurance-type running and cycling protocols (Table 5 ; Esfandiari, Sasson, & Goodman, 2014; Goodman, Liu, & Green, 2005; Kingwell, & Jennings, 1993; Marshall et al., 2001 ).
Cardiac baroreflex sensitivity was unchanged in both IMT and sham-trained subjects. In addition, no sex differences were found at intake (P = 0.776), nor did the IMT group exhibit changes in BRS after 6 weeks of training (P = 0.125). Although this is the first study to examine the effects of IMT on cardiac baroreflex sensitivity in humans, our results are consistent with short-term running and cycling interventions conducted in healthy adults (Goldberg, Boutcher, & Boutcher, 2012; Monahan et al., 2000) .
Importantly, measures of systemic vascular resistance declined significantly from week 1 to week 6 for men and women in the IMT group. Given that sympathetic nerve activity is a potent regulator of peripheral vascular resistance (Dinenno, Jones, Seals, & Tanaka, 1999) , the decline in SVR might be a result of declines in sympathetic outflow. Thus, although sympathetic nerve activity in recreationally active adults is unaffected by 4-8 weeks running or cycling training (Carter, & Ray, 2015) , we cannot exclude the possibility that IMT exerts distinct effects on the vasculature.
Methodological considerations
First, although we asked subjects to maintain the same exercise regimen throughout the duration of the study, we did not perform pre-/post-exercise capacity measurements to ensure that subjects did not increase the frequency or intensity of weekly exercise during our intervention. However, it seems unlikely that changes in exercise habits would have disproportionately impacted the IMT and sham training groups. Second, although the literature suggests that menstrual phase is not expected to impact resting blood pressure (Cooke, Ludwig, Hogg, Eckberg, & Convertino, 2002; Minson, Halliwill, Young, & Joyner, 2000; Sato, Miyake, Akatsu, & Kumashiro, 1995) or cardiac baroreflex sensitivity (Cooke et al., 2002) , higher efferent sympathetic activity and plasma noradrenaline concentrations reported during the luteal phase might have influenced blood pressure outcomes in some female participants (Baker, Limberg, Ranadive, & Joyner, 2016; Minson et al., 2000) . Third, the investigator performing blood pressure measurements (C.M.D.) was not blinded to subject treatment groups; however, our results are consistent with blinded blood pressure reductions measured after an identical IMT protocol (Vranish, & Bailey, 2015) . Fourth, male subjects in the IMT group had lower CHIPs scores at study end, suggesting that inspiratory muscle training lowers stress and favourably impacts mental health. Given that psychological status, stress and sleep quality contribute to fluctuations in blood pressure (Ojike et al., 2016; Rozanski, Blumenthal, & Kaplan, 1999; Vrijkotte, van Doornen, & de Geus, 2000) , we cannot exclude the possibility that lowered stress levels and/or improved sleep also contributed to subjects' lowered blood pressure. However, given comparable ESS scores pre-versus post-training and the weak correlation between an individual's CHIPs score and blood pressure, we consider this possibility unlikely.
Future directions
We have shown that IMT is associated with lowered resting blood pressure and systemic vascular resistance. Further work is necessary to determine a specific mechanism by which IMT reduces systemic vascular resistance, such as reductions in resting sympathetic nerve activity, improvements in endothelial cell function and/or increases in arterial compliance. Moreover, given that IMT is well-tolerated and effective in young adults, additional focus will centre on whether IMT can facilitate a return to aerobic training in exercise-intolerant populations.
Conclusions
We show that IMT is a time-efficient way to increase respiratory muscle strength and lower blood pressure and systemic vascular resistance in recreationally active young men and women. The beneficial effects of IMT on blood pressure are especially encouraging in view of declining rates of exercise (25-35%) reported among young, middle-aged and older adults (Killingback, Tsofliou, & Clark, 2017; Tarasenko, Chen, & Schoenberg, 2016) and in view of the worldwide prevalence of hypertension (one in three adults; WHO, 2012).
Determining how IMT impacts cardiovascular health in sedentary adults and whether it can confer additional improvements in exercise tolerance, exercise participation rates and feelings of physical and/or mental wellbeing are important next steps.
